Experimental studies on the effect of the enhancemet of the heating surface on the heat transfer coefficient for boiling in closed volume. Abstract: This article presents the results of experimental research on the effect of enhancing the heating surface on the heat transfer coefficient for boiling in a closed volume of ethyl alcohol and isopropyl alcohol. The aim of the research was determination of the impact of heat surfaces enhancements by applying circular cavities on heat transfer coefficient and on vapor structures formation during boiling. The study involved three brass samples with diameters equal to 50 mm, with different enhancements of the heating surface by drilled blind cavities. The research includes investigation of sample without cavities, sample with 133 circular cavities of diameter of 2 mm and sample with 61 circular cavities of diameter of 3 mm. On the basis of the research, the influence of the investigated heat exchange surface enhancement on the intensity of heat exchange was determined. The author's own interface in the LabView environment for controlling and acquiring measurement data was developed. The boiling process was recorded with a high-speed camera, and based on the obtained video images, the recorded images were analyzed to determine the void fraction. The heat flux density, heat transfer coefficient were calculated and comparative diagrams of the obtained measurement results were made.
INTRODUCTION
An increase of the heat transfer coefficient at boiling can be obtained by active or passive methods. For economic reasons, taking into account energy and material consumption, passive methods are the most commonly used and developed [1] . Techniques are also used that do not require a change in the structure of the heating surface, such as, for example, wire coils, pipe wrapping with metal net, metal strips. There are also techniques where two or more types of intensification of heat transfer are used simultaneously, called combined methods [2] .
Nowadays, researchers pay the highest attention to enhancing of heating surfaces by sintering metallic capillary-porous structures. Such covering is made by a simple technological process that allows to obtain needed characteristics of the structure (porosity and thickness). This method of enhancing the heat exchange surface allows to increase the boiling crisis' heat flux, to obtain high values of heat transfer coefficient and to decrease the temperature of nucleate boiling onset [3] . When enhancing the heat exchange surface by e.g. covering with capillary-porous structure, one has to take into account a hysteresis of heat exchange during the whole range of nucleate boiling [4] .
Metallic-fibrous capillary-porous structure is a layer made of wires and heating surface sintered together. These wires are usually made of steel or copper. The diameter of the wires is in the range of 10-100 µm and their length is in range of 1-10 mm. The porosity of the surface is in range of 40-86 % and its thickness is between 0.2 and 2 mm. In comparison to thermal spraying technique, capillary-porous structure is obtained in a planned manner. This structure can be applied on planar or cylindrical surfaces. The advantage of such a structure is the fact that the its pores are open. The other advantages are possibility to obtain high values of heat transfer coefficient and possibility to applicate the porous structure on surfaces of complex shape [5] .
Another way of enhancing the microsurfaceses is by using micofins and minifins. The main advantages of using microfins and minifins are: an increase of heat exchange surface's area, an increase of nucleation sites density and shift of nucleate boiling crisis towards higher heat flux densities [6] .
Piasecka, Pastuszko and Strąk [7] have performed a study on the intensification of heat exchange on the surface from microfins. The finned surfaces are additionally covered with perforated foil. Four surfaces with different pore diameters, one without a foil cover and a smooth surface were tested. The working mediums were: ethyl alcohol, distilled water, FC-72 and Novec 649. Dimensions of microfins: length 2 mm, width 1.4 mm and height 1 mm. The milled microfins were covered with perforated foil by sintering. Pore diameters: 0.3 mm, 0.2 mm, 0.1 mm and 0.05 mm. For all liquids boiling excluding ethanol, the highest heat transfer coefficient for the surface with microfins and foil with pores of 0.3 mm in diameter was obtained. The tests have shown that the ribbed surfaces covered with perforated foil increase the number of nucleation centers, thus increasing the heat transfer coefficient. Depending on the magnitude of the heat flux density, the following results were obtained: at low and medium densities of the heat flux the highest heat transfer coefficients for finned surfaces with perforated foil were obtained, whereas for large heat flux densities for finned surfaces, without foil. Integral structures of tunnelpore type are widely spread and can be found in evaporators of air conditioning and cooling devices.
Structural surfaces, which are enhancements of the Thermoexcel (Hitachi) surface, were investigated by Ghiu and Joshi [8] as well as by Ghiu [9] . The surfaces were crafted by milling two sets of microchannels on a copper plate sized 10 × 10 mm and 1 mm thick. The microchannels were intersecting at 90° angle. During the experiment channels of width of 0.065-0.47 mm and pitch of 0.2-0.7 mm were used. The working medium was PF 5060. The researchers came up with the conclusion that with the increase of microchannels' width and with the decrease of its pitch heat transfer intensifies. Das et al. [10] , [11] introduced a new technology of crafting the structural surfaces by using electroerosion cutting. During water boiling they obtained heat flux densities up to 250 kW/m 2 . The conclusion was that the structure with the channels intersecting at the angle of 90° and cylindrical cavities at their ends intensifies the heat exchange best.
In recent years, nanostructures used to increase the heat transfer intensity during boiling have been the subject of numerous studies.
Passos and Cardoso [12] investigated the boiling of water on nanostructure surfaces. The study analyzed seven heating surfaces: a smooth surface, a rough surface, two heating surfaces with a molybdenum coating, two surfaces with a magnesium coating and a surface created as a result of partial evaporation of magnesium. Nanostructures were created by depositing molybdenum nanoparticles in the process of spraying and depositing magnesium nanoparticles in the evaporation process. Distilled water was used as a working medium and the experiment was carried out at atmospheric pressure. For all the nanostructures, a base surface made of constantan tine tape was used. The hydrophobic surfaces obtain higher heat transfer coefficients, and the surface wettability depends on the configuration of surface defects. The analyzed nanostructures showed a decrease in receding and static contact angle as well as an increase in the critical heat flux compared to surfaces without nanostructures. It was observed that in the initial boiling phase, fewer bubbles occur on nanostructured surfaces, but with larger diameters compared to a smooth substrate. In the case of surfaces covered with a layer of magnesium and molybdenum, the process of their production resulted in differences in roughness. Increasing the roughness occurred on surfaces with a higher amount of deposited material. On the basis of the performed tests, it was shown that nanostructured surfaces have greater wettability due to the greater number of surface defects created by nanoparticles. They affect the contact angle, critical heat flux and heat exchange mechanisms. Maghemitic noanstructural surfaces showed higher roughness and porosity compared to surfaces with molybdenum coating. Maghemite samples have a greater thickness of the nanoparticle layer and wettability than molybdenum samples. Nanostructures led to an increase of critical heat flux, e.g. in the case of a sample coated with a magnesium layer, a higher critical heat flux value by about 139% was obtained compared to a smooth surface.
Orzechowski [13] investigated heat exchange intensification on a fin with a single and multilayered net. Working medium was water. The experiment was carried out at ambient pressure. Single, dual and triple layered copper net, which was made out of wire 0.18 mm diameter and 0.55 mm clearance were investigated. It was proven that the surface covered with the net enables intensification of heat exchange in relation to smooth surface. When dual and triple layered net was used, no increase of heat flux density was observed. This is due to difficulties in the movement of steam bubbles caused by hydraulic resistance.
Orzechowski et al. [14] investigated heat exchange on a copper fin covered with capillary-porous structure characterized by parameters: porosity ca. 85%, height 1 mm. Metallic-fibrous structure was made out of wires of 0.5 mm diameter and 3 mm length. The working medium was ethanol. The experiment was carried out at the ambient pressure. In order to compare results, the experiment was also carried out with plain (smooth) fin. The onset of nucleate boiling in the case of fin covered with the structure was observed at superheat of 8 K and in case of plain fin at 3.5 K. Based on calculations it was shown that for the superheat of 19 K the difference of heat flux density between smooth and capillary-porous structure is the highest and equal to 217.7 kW/m 2 . Another way of enhancing heat exchange surfaces is by using narrow channels. This method requires proper selection of channels' width depending on the spatial configuration, magnitude of heat flux density and working medium. Such structures are used for cooling micro heat exchangers or electronic components [6] .
Passos [15] , Misale [17] and Stutz [16] carried out experiments in horizontal narrow channels. Passos [15] observed an increase of heat transfer coefficient along with the decrease of channels' height, while Stutz [16] and Misale [17] observed the largest values of heat transfer coefficients for the highest channels. Fujita [18] was investigating impact of channels' width on heat transfer coefficient during boiling. He came up with a aconclusion that a decrease of the channels' width (up to 0.6 mm) results in an increase of the heat transfer coefficient.
Microchannels etched in silicon plates sized 10 × 10 mm 2 are used for an intensification of heat transfer during boiling. Cooke and Kandlikar [19] carried out experiments with microchannels of 60-200 µm width and 180-275 µm depth. Working medium was water. They obtained a 3.4-fold increase of heat transfer coefficient in relation to smooth surface. The largest value was obtained for a microchannel with cross section sized 100 × 275 µm. Cooke and Kandlikar [20] one year later obtained a better results for microchannels of 200-400 µm width and 100-400 µm depth. The microchannels were crafted in copper plates sized 10 × 10 mm 2 . The highest value of heat transfer coefficient, equal to ca. 270 kW/m 2 K, was obtained for cross section sized 375 × 400 µm.
Similar results were obtained by Guan et al. [21] for channels 400 µm wide and 600 µm deep modified with circular extensions of diameter 600-1000 µm and pitch of 1.9-24 mm for selected channels. By using the smallest diameters and pitch the highest efficiency was achieved.
Seo, Lim, Shin, and Bang [22] carried out experiments of pool boiling on a heating surface modified by addition of holes of various dimensions. The experiments were carried out at atmospheric pressure. The working medium was deionized water. Four types of heating surfaces were considered: plain (i.e., no holes), 9, 49, and 225-hole surfaces For the holed surfaces, increase of heat transfer in relation to plain surface by 9.8%, 26% and 26% respectively was observed. For these surfaces, lower temperatures and higher heat fluxes were also observed. This is indication, that the heat transfer was more efficient for hole-patterned surface than for plain surface.
Many publications focus on ways to intensify heat transfer by applying coatings with complicated structure. Application of simple enhancements of heat exchange surfaces, like drilling cavities, in order to intensify heat transfer in some cases is advisable. Such modifications, although not as efficient in terms of heat transfer capabilities, can be attractive is cases of solutions boiling, in which solute can deposit on heat exchange surface. Such situations occur in food, chemical and cosmetics industries. Investigation of surfaces modified by simple, and therefore easy to clean, enhancements is advisable, despite their smaller efficiency in terms of heat transfer.
EXPERIMENTAL STAND
The main module of the laboratory stand consists of a brass plate, which one side is a heating surface. The plate is connected with a brass cuboid acting as a thermal buffer. Four heating resistors with a silicone paste reducing the thermal contact resistance were screwed to the cuboid. In order to minimize heat loss, insulation around the heating element was used. The rigid tripod ensured the stability of the main module. A glass cylinder made of borosilicate glass provided adequate thermal resistance and conditions for the recording of the boiling process. Proper placement of the thermocouples ensured obtaining data necessary to calculate the heat transfer coefficient. The heating element was selected after calculating the electrical power needed to supply the system based on the thermal balance of the system.
The stand equipment includes: cooler 7 ( Fig. 1-2 , Tab. 1), pressure transmitter, computer, TDK Lambda 3 power supply, measurement data acquisition system 4, camera 5 and lighting 6. The camera used in the stand is a Phontom v711 Vision Research high speed camera with a resolution of 1280 × 800 and a speed of 7530 frames per second. The Hedler HF65 halogen lamp provided the right lighting. A measuring system based on National Instruments modules was used: NI cDAQ-9172 -main module and NI 9211 -temperature measurement. 
Measurement data acquisition system
Control and measurement software has been developed in the LabView environment (Fig. 3) . The control panel window is a graphical interface between the user and the program. The use of appropriate components such as displays and switches allows to control the hardware part of the stand as well as perform calculations of the experiment parameters. The source code is graphic and performs the functions of a virtual instrument. The main part of the application is implemented in a loop to ensure the continuity of reading and writing of data: pressure, temperature, current and voltage, calculation of power and heat flux density.
The use of the high speed camera was difficult because the camera manufacturer did not develop any properly working drivers enabling direct operation of the camera in LabView applications. An indirect method has been developed to facilitate the recording of video images and static images from the camera to the computer disk. The block named Property Node and the system clipboard were used to automatically generate file names containing information about the basic parameters of the experiment. 
With an omission of small heat losses to the environment: heat transfer coefficient ( can be determined from the following equation:
.
Heat exchange area was calculated as:
, (3) where: R -sample (plate) radius, r -radius of the hole, n -number of holes, -height of the cylindrical part of the hole, -height of the conical part of the hole. An important role in vapor bubbles generation play heat exchange surface's edges. The parameter which characterizes edges occurrence density can be defined as:
, (4) where:  edge length reads: ,
 total length of all edges reads:
. (6) Fig . 4 shows dimensions of sample and holes. 
Void fraction
In order to determine the void fraction, a calculation procedure using CorelDraw, Corel PhotoPaint and LabView Vision Assistant software was used. Photos from visualization tests were processed in Corel Draw and Corel PhotoPaint, and then the LabView Vision Assistant was used to determine the areas occupied by the vapor phase.
The void fraction was calculated by summing the surface area of all objects (bubbles) and dividing by the surface area of the obtained image. When analyzing the image, it was attempted to choose a fixed plane to which the optical system of the camera was tuned and in which the number and size of steam bubbles were analyzed.
DETERMINATION OF MEASUREMENT ERROR
In order to obtain a small error value in the measuring system, high accuracy sensors were used. The Czaki thermocouples cooperating with the NI 9211 module were calibrated, which resulted in a temperature measurement limiting error of 0.55 K. To measure the voltage and the current supplying the heater, the TDK Lambda internal measuring system was used for which the reading error was 0.1% of the measured value. The complete differential method was used to estimate the resulting measurement error of the heater power and the heat transfer coefficient. Maximum relative error values are for the heater's electrical power 0.2% and for heat transfer coefficient 21.6%.
When determining the void fraction, measurement error of photographic techniques can reach significant values and is difficult to determine. In this paper, it has not been analyzed. Fig. 6 a) , it was found that for sample No. II (pre-drilled 133 holes Φ2 mm) higher values of the heat flux density were obtained and the boiling onset takes place at lower overheating compared to the other heating surface enhancements. The ratio of heat flux density values for individual surfaces at overheating ΔT=3.6 K amounts to:
EXPERIMENTAL RESULTS

Based on
=1.27, =1.25. For all the samples, the heat flux density increases with overheating. On the basis of Fig. 5 b) it can be concluded that for sample No. III (predrilled 61 holes Φ3mm) the is a gradual increase in the value of α, while in the case of the other surfaces α declines. Increase of heat transfer coefficient for q=40 kW/m 2 amounts to:
=2.18, =2.20. As the heat flux density increases, the heat transfer coefficient for samples 2 and 3 increases, while for sample 1 it is approximately constant. A fairly large measurement error for the value of α may be difficult to interpret, but the tendency of parameters values variation is possible to determine A similar tendency of variation for q(ΔT) and α(q) values in cases of deionized water boiling on open surfaces was observed by Seo, Lim, Shin, and Bang [22] .
In the case of sample No. 2 for isopropyl alcohol, the trend differs from the trends of variations for the remaining samples. Interpretation of this phenomenon requires further research, where extended range of holes number as well as other working mediums will be investigated.
The results of the heat flux density as a function of overheating for isopropyl alcohol are presented in Fig. 7 .
On the basis of Fig. 7 a) , it can be concluded that for all the samples proportional values of heat flux density were obtained, but for sample No. II this occurred at lower overheating. The ratio of heat flux density values for individual surfaces at overheating ΔT=3.6 K amounts to: =1.6, =1.3. For all the samples, the heat flux density increases with overheating.
For sample No. II, the highest values of α were obtained with small overheating, but as the overheating increases, the value of α gradually decreases. For sample No. III, boiling was initiated at a higher superheat temperature than in case of surface 
CONCLUSIONS
On the basis of the diagrams drawn of the dependence of the heat transfer coefficient on overheating, it can be concluded that the highest values were obtained for sample No. II for both isopropyl alcohol and ethanol. The surface of this sample was developed by drilling holes with a diameter of 2 mm at distances of 1.6-1.9 mm. It can be clearly stated that surfaces enhanced by drilling in comparison to the surface without holes with Ra = 4.76 μm intensify heat exchange during boiling.
The main factors affecting the intensity of heat exchange are the type of enhanced surface and the working medium.
The void fraction was determined using the LabView Vision Assistant software and recorded images. The highest void fraction was obtained for sample No. I, 0.22. It should be noted that photographic methods can be burdened with a large and difficult to estimate error.
In experiments based on sample No. I (Ra = 4.76 μm, without holes) the largest bubbles were observed. Coalescence of the bubbles was also observed. In the Comparing average void fraction for the experiments carried out at comparable heat flux densities, it can be observed that for isopropyl alcohol the highest void fraction was obtained for sample No. III with value of 0.163. In the case of ethyl alcohol, the highest void fraction was obtained for sample No. I with value of 0.22 (Fig 8) .
Vapor structures obtained for isopropyl alcohol are in most cases smaller compared to the structures obtained for ethyl alcohol (Tab. 3). The sample that generated the smallest structures is the sample No. II. The obtained results of the heat transfer coefficient confirm its highest efficiency among the samples tested.
Visualization studies enabled the observation of the variability of the boiling process, observations of its individual phases, and a comparison of obtained vapor structures for individual surface enhancements and working mediums. Further experiments are planned using a modified laboratory stand that would reduce the measurement error of image analysis techniques. 
